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Abstract.—Forest Inventory and Analys�s (FIA) and PRISM cl�mate data from 1991-
2000 were obta�ned for 10 states �n the southeastern Un�ted States. Mortal�ty was 
calculated for each plot, and annual values for prec�p�tat�on and max�mum and m�n�mum 
temperature were extracted from the PRISM data. Data were then strat�f�ed by upland/
bottomland for red oak spec�es, and class�f�cat�on and regress�on tree (CART) analys�s 
was used to determ�ne the �nfluence of cl�mate var�ables on mortal�ty at ecoreg�on 
prov�nce and sect�on levels. The results presented here w�ll prov�de a bas�s for future 
research on the causal factors related to red oak mortal�ty.
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INTRoDucTIoN
Increased mortal�ty �n red oak spec�es (Quercus, 
sect�on Lobatae) has been attr�buted to a var�ety of 
factors rang�ng from b�ot�c (e.g., oak borers [Fan et 
al. 2008]) to ab�ot�c (e.g., drought [Law and Gott 
1987]). Such w�despread loss of these spec�es could 
lead to compos�t�onal changes �n forests across the 
southeastern Un�ted States. Wh�le prev�ous stud�es 
have sought to relate cl�mat�c factors to �ncreased 
levels of mortal�ty, few have cons�dered the changes 
�n mortal�ty patterns at f�ner scales of analys�s such 
as the ecoreg�on prov�nce level and sect�on level. 
Analyz�ng the relat�onsh�p between cl�mat�c factors 
and mortal�ty at �ncreas�ngly f�ner scales could allow 
for new �ns�ghts �nto chang�ng mortal�ty trends for 
red oak spec�es across the reg�on. Thus, we assessed 
changes �n mortal�ty for upland and bottomland red 
oak spec�es by: 1) determ�n�ng the trends �n mortal�ty; 
and 2) us�ng class�f�cat�on and regress�on tree (CART) 

to determ�ne the relat�onsh�ps between mortal�ty and 
cl�mate var�ables at ecoreg�on prov�nces and sect�ons 
for both upland and bottomland red oak spec�es. The 
results of these analyses w�ll help gu�de future research 
endeavors across the reg�on as we seek to understand 
causal factors related to mortal�ty for all spec�es �n the 
southeastern Un�ted States.

MeTHoDS
Data �nclud�ng lat�tude, long�tude, spec�es codes, and 
basal areas of l�ve and dead trees (red oaks) were 
extracted from the Forest Inventory and Analys�s 
(FIA) database for 10 states �n the southeastern 
Un�ted States for wh�ch �nventory data were ava�lable 
between 1991-2000 (Oklahoma, Arkansas, Kentucky, 
Tennessee, M�ss�ss�pp�, Alabama, Georg�a, Flor�da, 
South Carol�na, and V�rg�n�a). Geograph�c �nformat�on 
system (GIS) software was then used to extract total 
annual prec�p�tat�on, max�mum temperature, m�n�mum 
temperature, and temperature range from PRISM 
(Oregon State Un�vers�ty 2012) for 2 years preced�ng 
each �nventory year as well as ecoreg�on prov�nce and 
sect�on codes. Mortal�ty was calculated as a percentage 
of dead basal area for each spec�es type that occurred 
w�th�n each plot by d�v�d�ng dead basal area by total 
basal area of the plot. The data were then d�v�ded 
based on s�tes upon wh�ch each spec�es typ�cally 
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occurs (e.g., upland or bottomland [Table 1]) for red 
oak spec�es. Th�s was done �n an effort to determ�ne 
both the scale and degree of d�fference between the 
two groups. R stat�st�cal software was ut�l�zed to 
perform kernel smooth�ng us�ng the ”stats” package (R 
Core Team 2012) to allow for the determ�nat�on of a 
spat�al trend �n mortal�ty, and CART analys�s us�ng the 
“rpart” package (Therneau et al. 2012) to determ�ne 
the relat�onsh�p between mortal�ty and cl�mate 
var�ables at the ecoreg�on prov�nce and sect�on levels 
(Table 2).

Table 1.—list of upland and bottomland red oak 
species extracted from 1991-2000 Forest Inventory 
and Analysis (FIA) data for 10 southeastern states

 common Name Scientific Name

Upland Scarlet oak Quercus coccinea
 Southern red oak Quercus falcata
 Blackjack oak Quercus marilandica
 Northern red oak Quercus rubra
 Black oak Quercus velutina
  Bluejack oak Quercus incana

Bottomland Cherrybark oak Quercus pagoda
 Water oak Quercus nigra
 Nuttall oak Quercus texana
 Willow oak Quercus phellos
 Shumard oak Quercus shumardii

 code Section Province

 A Arkansas Valley Southeastern Mixed Forest

 B Atlantic Coastal Flatlands Outer Coastal Plain Mixed Forest

 C Blue Ridge Mountains Central Appalachian Broadleaf Forest-Coniferous Forest-Meadow

 D Boston Mountains Ozark Broadleaf Forest-Meadow

 E Central Ridge/Valley Eastern Broadleaf Forest (Oceanic)

 F Coastal Plain/Flatwood, Lower Outer Coastal Plain Mixed Forest

 G Coastal Plain, Middle Southeastern Mixed Forest

 H Florida Coastal Lowlands, Eastern Outer Coastal Plain Mixed Forest

 I Florida Coastal Lowlands, Western Outer Coastal Plain Mixed Forest

 J Interior Low Plateau, Highland Rim Eastern Broadleaf Forest (Continental)

 K Interior Low Plateau, Shawnee Hills Eastern Broadleaf Forest (Continental)

 L Mid Coastal Plain, Western Southeastern Mixed Forest

 M Mississippi Alluvial Basin Lower Mississippi Riverine Forest

 N North Cumberland Mountains Central Appalachian Broadleaf Forest-Coniferous Forest-Meadow

 O North Cumberland Plateau Eastern Broadleaf Forest (Oceanic)

 P Northern Ridge/Valley Central Appalachian Broadleaf Forest-Coniferous Forest-Meadow

 Q Ouachita Mountains Ouachita Mixed Forest-Meadow

 R Ozark Highlands Eastern Broadleaf Forest (Continental)

 S Southern Appalachian Piedmont Southeastern Mixed Forest

 T Southern Cumberland Mountains Eastern Broadleaf Forest (Oceanic)

 U Southern Cumberland Plateau Southeastern Mixed Forest

 V Southern Ridge/Valley Southeastern Mixed Forest

 W Southern Unglaciated Allegheny Plateau Eastern Broadleaf Forest (Oceanic)

 X Upper Gulf Coastal Plain Eastern Broadleaf Forest (Continental)

Table 2.—ecoregion sections used in analysis of mortality at the ecoregion province and section levels
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ReSulTS
The h�ghest level of mortal�ty �n upland red oak 
spec�es occurred from coastal areas of southern 
Alabama northeastward through port�ons of the 
Appalach�an Mounta�ns. Port�ons of the Ozark 
H�ghlands showed 10-15 percent mortal�ty wh�le 
coastal areas of South Carol�na ranged from 25-30 
percent. At the ecoreg�on prov�nce level, CART results 
showed that the f�rst spl�t occurred at prov�nces, w�th 
the Eastern Broadleaf (Ocean�c) prov�nce hav�ng the 
h�ghest level of mortal�ty (~25 percent). The second 

spl�t was for current (�nventory year) prec�p�tat�on 
where 54 percent mortal�ty levels were assoc�ated w�th 
prec�p�tat�on less than 1053 mm, below the m�n�mum 
value for average annual prec�p�tat�on w�th�n the 
prov�nce. Analys�s at the ecoreg�on sect�on level was 
s�m�lar, w�th sect�ons located �n the eastern port�on of 
the study area be�ng assoc�ated w�th h�gher levels of 
mortal�ty. A second spl�t occurred w�th prec�p�tat�on 
values less than 1051 mm (below m�n�mum average 
values), w�th a th�rd spl�t �nd�cat�ng a few sect�ons 
w�th mortal�ty values approach�ng 60 percent (F�g. 1).

Figure 1.—Upland red oak species (a) spatial trend for mortality, (b) CART model at the ecoregion province level ,  
and (c) CART model at the ecoregion section level.
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The north to south spat�al trend for bottomland red 
oak spec�es was s�m�lar to the upland spec�es, w�th 
the h�ghest mortal�ty values (rang�ng from 25 to 
35 percent) occurr�ng across northern port�ons of 
Alabama, across Tennessee and Kentucky, and �n 
south-central port�ons of V�rg�n�a. The f�rst spl�t �n 
the CART analys�s at the prov�nce level occurred for 
the prev�ous year’s average annual temperature range 
w�th h�gher mortal�ty assoc�ated w�th ranges exceed�ng 

13.16 °C. A second spl�t was assoc�ated w�th m�n�mum 
average temperatures greater than 12.36 °C, although 
only 11 samples met th�s cr�ter�on. The CART model 
for the sect�on level matches the prov�nce level but  
has a spl�t for prev�ous year’s temperature range of 
less than 13.16 °C that shows mortal�ty values near  
19 percent for sect�ons �n the eastern part of the study 
area (F�g. 2)

Figure 2.—Bottomland red oak species (a) spatial trend for mortality, (b) CART model at the ecoregion province level,  
and (c) CART model at the ecoregion section level.
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DIScuSSIoN
The most notable f�nd�ngs are the changes �n mortal�ty 
between the two scales of analys�s. The prov�nce level 
analys�s for upland red oak spec�es shows a spl�t for 
wh�ch the h�ghest mortal�ty levels are assoc�ated w�th 
one prov�nce; however, when analys�s occurs at the 
sect�on level, many sect�ons across the eastern port�on 
of the study area show h�gher levels of mortal�ty than 
those for sect�ons �n the west (e.g., Ozark H�ghlands). 
The number of sect�ons that appear from w�th�n 
prov�nces not assoc�ated w�th �ncreased levels of 
mortal�ty �n the prov�nce level analys�s �llustrates 
the �mportance of the �ncreased level of deta�l that 
occurs at the sect�on level. The sect�ons are assoc�ated 
w�th deta�led env�ronmental and b�olog�cal features 
(e.g., dom�nant forest cover) that prov�de a means of 
assess�ng d�fferences across the reg�on (McNab and 
Avers 1994). At f�ner scales, �t �s l�kely that m�cro-
cl�mat�c �nfluences are hav�ng a greater �mpact on 
mortal�ty than at larger scales. Kabr�ck et al. (2007) 
found that ecolog�cal land types, determ�ned at the 
stand scale, can be useful for determ�n�ng areas where 
mortal�ty �s l�kely to be greatest by �dent�fy�ng areas 
that are less su�table for the support of healthy forests.

Also notable are the d�fferences �n mortal�ty between 
upland and bottomland red oak spec�es. The only 
cl�mate var�able of �mportance for upland spec�es was 
average annual prec�p�tat�on �n the same year �n wh�ch 
the �nventory occurred wh�le for bottomland spec�es, 
the most �nfluent�al var�able was average annual 
temperature range. These f�nd�ngs po�nt to the poss�ble 
�mportance of extreme temperatures dur�ng some 
months of the year, wh�ch could act to stress trees �n 
the �mpacted areas. The bottomland red oak ecoreg�on 
sect�ons w�th �ncreased mortal�ty �nd�cate some local 
or poss�bly reg�onal �nfluences such as assoc�ated 
forest or so�l types, elevat�on, and/or aspect. Oak 
mortal�ty events related to stand and s�te factors such 
as these can also vary across phys�ograph�c reg�ons 
(Oak et al. 1996).

The d�fferent var�ables that �nfluence the level of 
mortal�ty for upland and bottomland red oaks vary at 
the scale of analys�s but could also vary temporally. It 
has been establ�shed that drought can greatly �nfluence 
red oak spec�es mortal�ty (Fan et al. 2012). Add�t�onal 
research could also assess var�ables such as tree 
age and grow�ng season versus nongrow�ng season 
prec�p�tat�on. The analys�s performed here shows that 
there ex�sts at least some f�ne scale �nteract�on between 
mortal�ty and cl�mate var�ables. Future research 
w�ll analyze the aforement�oned var�ables as well as 
compare them to mortal�ty trends �n add�t�onal t�me 
per�ods. 
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